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ABSTRACT

The Adevelopment of techniques leading to the fabrication of thin polycrystalline
triglycine sulfate films and their resulting characteristics as infrared detectors are
described. The processing technology required to fabricate pyroelectric/integrated
cireuit thermal imaging arrays consisting of thin flim triglycine sulfate detectors on
2 field effect integrated eircuits is reviewed, The primary approaeh pursued under this
program tc the problem of providing the required high degree of thermal isolation be-
tween the detectors and the silicon substrate was to preiferentially etch away the silicon
underlying the detectors. Inthe resulting configuration, the thin thermally grown sili-
: I con dioxide membrane remaining after thc etching process serves to support the de-

tector. A second thermal isolation technique, in which a thin, permanently poled,
| single erystal section of TGS is positioned above its companion two-dimensional inte-
| grated circuit substrate, is also described. In this arrangemcnt the resulting air
gap provides the thermal isolation; eontacts to the array detectors are made by means
| of vacuum deposited microfinger springs. The problem of providing thermal isolation
proved to be the most diffieult obstacle eneountered during the program. No com-
pletely satisfactory approach evolved; as a result the objective of quantitatively as-
sessing the performance of a small (16-by-16) element image sensor array was not
met. The relative merits and shortcomings of X-Y and bucket brigade addressed
pyrcelectric sensor arrays are reviewed, The bucket brigade approach is shown to
be a workable concept, with one 16-by-16 bucket brigade array having been fabricated
and qualitatively asscssed. An analysis of the performance eapabilities of X-Y and
bueket brigade addressed thin film pyroelectric arrays was performed. The results
indicate that a system noise equivalent temperature difference of 0.42° C at 10 frames/
second with F/1 opties should be achievable in an X-Y addvessed array consisting of
10-pum thick detectors 4 mils on a side and spaced on 8-mil centers. A noise model
for a comparable bucket brigade array was developed, and results indieate a degrada-
tion in noise equivalent temperature difference by a faetor of 4.7 relative to the X-Y
addressed array. However, the noise model may be greatly overestimating the noise;
noise equilvalent temperature differences elose to those predicted for X-Y addressed
arrays should be possible.
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GLOSSARY OF ABBREVIATIONS

bucket brigade

drain region of an FET

field-effect transistor

fixed pattern noise
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REPORT SUMMARY

Pyroelectric/Integrated Circuit Infrared
Imaging Array Development

Air Force Contract No. F33615-72-C-1804
Sponsored by
Advanced Research Projects Agency
ARPA Order No, 1916
Final ‘Technical Report
Period 22 Fcbruary 1972 — 30 May 1973

The objective of this program was to devclop the technology required for the fab-
rication of large scale uncooled two-dimensional pyroelectric/integrated cireuit arrays
suitable for passive infrared imaging over the 8- to 14-pm transmission window of the
Earth's atinosphere. The pyroeleetric deteetor material of principal interest was the
organie eompound triglycine sulfate (TGS), selceted because of its high figure of merit
for passive infrared imaging applieations.

The pyroelectric detector arrangement selected for implecmentation in two-
dimensional arrays consists of a thin section (10- to 25-pm thiek) of either poly-
erystalline or single crystal TGS sandwiehed between two thin film electrodes. The
resulting deteetor configuration, csscntially a minute temperature-sensitive capa-
citor, forms a sensitive dectector of infrarcd radiation. An infrared image, when
focuscd on an array of sueh dectectors, will produec a spatial temperature distribution
eorresponding to the inteusity of the radiation emitted by the scene. The spatial tem-
perature distribution is aecompanied by a change in the spontancous eleetrical polar-
ization of each detcctor element, whieh produces a pyroelectric signal voltage pro-
portional to the scenc radiation.

The pyroelectric cffect has cmerged as an attractive meehanism upon whieh to
base passive infrarcd imaging systcms. The most notcworthy features of pyroelectric
detectors are operation at room temperature, whieh obviates the need for a cryogenie
cnvironment, and the potential to form two-dimensional arrays, which would eircum-
vent the need for eomplex optomechanical scanncrs. The laek of a refrigerator and
optomechanical seanner should assure large savings in system size, weight, eost,
and complexity, and should result in highly improved reliability. Although laeking in
sensitivity as compared with infrared imaging systems whieh utilize cryogenically
cooled linear arrays of quautum detectors (such as mcrcury cadmium telluride or gold
doped germanium), the advantages noted would allow the use of pyroelectric infrarcd
imaging systems in applications where cryogenically cooled scan systems are not
feasible.
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The primary approach selected for the development of pyroeleetrie/integrated
eireuit arrays was to form a mosaie of individual delineated polyerystalline TGS de-
teetors over a silieon integrated circuit substrate whieh eontains the ne:essary de-
teetor sampling field effeet transistors (FETs) and the required address and signal
output lines. Key development problems ineluded the formulation of suitable photo-
lithographie and etehing teehniques to delineate thin TGS films into individual deteetors,
and the formulation of teehniques to provide a high degree of thermal isolation of the
deteetors from the integrated eireuit substrate. Progress in these areas is described
in Seetion II of the report, in whieh the basie polyerystalline TGS materials work is
also deseribed.

Thermal isolation is pax.ieularly important sinee, without adequate isolation,
degradation in deteetor voltage responsivity and aeeordingly poor temperature resolu-
tion eapability will result. The thermal isolation teehnique applicable to polyerystalline
TGS films rcquires preferentially removing (by chemically etehing away) the portions
of the silieon substrate under each row of deteetors up to the thermally grown silieon
dioxide (Si02) layer whieh eovers the integrated eireuit. In this manner, the deteetors
are supported on top of the thin SiO2 membrane (12,000-1& thiek). Deteetor heat loss
by eonduetion to the remaining substrate material is greatly diminished, owing to the
high thermal resistanee of the thin SiO2 membrane. This thermal isolation arrange-

.ment is illustrated in Section II and analyzed in eonsiderable detail in Seetion V, in

whieh the thermal time eonstants are ealeulated and in whieh the thermal eonductanee
is ealeulated as a function of deteetor size, deteetor eenter-to-eenter spacing, and
8102 membrane thiekness.

A seeond approaeh toward realizing pyroeleetrie/integrated eireuit arrays, whieh
utilizes a thin slab of single erystal TGS (about 25-um thiek), was also experimentally
investigated. This approaeh uses the same integrated eireuit substrates, but the un-
delineatea deteetor array -- formed on a single erystal slab -- is positioned above the
integrated eireuit by means of thin shims loeated at the periphery of the array. Elee-
trieal eontaet to the array detectors is established by thin film mierofingers maac of
bimetallie vacuum-deposited strips; these form minute eurled springs, attached to the
substrate, whieh eontaet the array. The air gap between the TGS deteetor seetion and
the silieon substrate thermally isolates the deteetors from the substrate. This ar-
rangement is described and analyzed in Seetion III.

Two types of infrared imaging circuit arrays were investigated, an X-Y addressed
array and a bueket brigade array: both were designed to eontain 16-by-16 pyroelectrie
deteetor elements, eaeh measuring about 4 mils on a side, with a eenter-to-center
spaeing of 8 mils in both the x- and y-direetions. The pyroelectrie material may be
either polyerystalline or single erystal in either type of array.

The X-Y addressed array eontains a TGS deteetor element and two FETs within

eaeh sensor eell: a signal FET and a reference FET. This arrangement permits ex-
traetion of low level pyroelectric signals by subsequent amplifieation in difference
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amplifiers located external to the imaging array. Thc array would be shuttercd (at
rates of 10/second to 30/second)and digitally addressed one column at a time.

The bucket brigade array is the pyroelectric counterpart of the visible light bucket
brigade image sensor array. Each sensor ccll contains a pyroelectric detector capa-
citor, a metal oxide semiconductor (MOS) capacitor, and two FETs. The pyroelectric
induced charge, which is proportional to the scene radiation, is transferred from cell
to cell along a series of linear bucket brigade arrays which comprise the two-dimen-
sional array. The bucket brigade array is described in Section IV and an analysis of
the performance of X-Y addressed and bucket brigade pyroelectric sensor arrays is
presented in Section V.




Section |
INTRODUCTION

The pyroelectric effect (i.e., the temperature induced change in spontaneous
polarization of certain materials) is an attractive mechanism upon which to base
passive thermal imaging systems. Its most desirable featurcs are operation at room
temperature, which obviates the need for providing a cryogenic environment, and the
potential for forming two-dimensional arrays, which would circumvent the nced for
co'nplex optomechanical scanners. The lack of a refrigerator and optomechanical
scunner would assure large savings in size, weight, eost, and complexity and should
result in highly improved reliability. Although lacking in sensitivity as compared
with thermal imaging systems which utilize cryogenically cooled linear arrays of
quantum detectors (such as mercury cadmium telluride and tin telluride or gold doped
germanium), the advantages noted would permit the use of pyroelectric thermal
imaging systems in applications where cryogenically cooled scan systems are not
feasible,

This program was carried out to develop the technology required for the fabrica-
tion of large scale, two-dimensional pyroelectric/integrated circuit detcctor arrays
suitable for imaging over the 8- to 14-um transmission window of thc Earth's atmo-
sphere. The approach of primary interest was to form a mosaic of delineated pyro-
electric detectors (of polycrystalline material) over a silicon integrated circuit
substrate containing the necessary addressing and/or readout circuitry, An object
of the program was to fabricate and evaluate a smzll two-dimensional array of
pyroeleetrie sensor elements.

Two types of arrays were investigated, an X-Y addressed array and a bucket-
brigade (BB) array; both of these were designed to contain 16-by-16 pyroelectric
detector elements, each element measuring about 4 mils on a side, with a center-to-
center spacing of 8 mils in both the x- and y- directions.

A second approach was to utilize the same integrated circuit substrates but to
form the detectors on a thinned single crystal slab of the pyroelectric materiai -
tioned above the integrated circuit substrate and contaeted to the substrate by meais
of thin film metallie microfingers.

Since pyroelectrie detectors are heat-sensitive elements, effective thermal isola-
tion of the deteetors from the integrated cireuit substrate must be provided if high




array sensitivity is to be obtained. Additionally, delineation of the detector elements
is also desirable in order to obtain the least thermal erosstalk, or equivalently to
realize the highest spatial resolution possible.

The problem of providing thermal isolation of the deteetor elements from the silieon
integrated eireuit substrate was the major teehnical difficulty encountered during the
program. A novel thermal isolation teehnique was devised, but the neeessary teehnology
was not fully developed. As a result, our objeetive of quantitativ cly assessing a small
two-diinensional image sensor array was not met. Arrays without thermal isolation
were built early in the program using undelineated polyerystalline triglyeine sulfate
(TGS) on a2 PMOS integrated eireuit substrate. An observable pyroeleetrie response
was obtained but performanee was poor owing to severe degradation in voltage respon-
sivity eaused by loss of heat into the silicon substrate.

A. PYROELECTRIC EFFECT

Certain materials exhibit a spontaneous cleetrieal polarization, an alignment of
the internal electrie dipoles, even in the absenee of an applied eleetrie field. The
polarization deereases with inereasing temperature and vanishes at a specifie tem-
perature, ealled the Curie temperature after the analogous behavior in ferromagnetic
materials. Because the polarization is temperature dependent, materials exhibiting
this property are called pyroeleetrie. The polarization temperature dependenee of
triglyeine sulfate (TGS), a material of partieular interest to this program, is illus-
trated in Fig. 1-1. Measurements of the rate of change of polarizaticn with respeet
to temperature, dP/dT, known as the pyroeleetrie eoefficient, range from 3.5 x 1078
covlombs/em2 - K at 27°C to 1 x 107 coulombs/em? - K at 40°C for single erystal
1¢3.1,2  Other properties of single erystal TGS are listed in Table 1-1. Polyerystal-
line TGS, which forms the basis for the primary pyroeleetrie/integrated eireuit
app roaeh deseribed in this report, has propertics whieh differ from those of the single
erystal material. The differences and their effeets are diseussed in various seetions
of the report (e. g. Seetion 1l. A, Table 2-2, and Seetion V).

An external eleetrie field is not normally observable in the vieinity of a pyro-
cleetrie material, even if it is an insulator, beeause the polarization field ultimately
becomes neutralized by leakage eurrents and/or by stray charges which are atiraeted
to and bound to the surface. The bound surface eharge is unable to respond to rapid
changes in the poiarization. Thus, a sudden temperature-indueed ehange in the polar-
ization will be aecompanied by an observable external eleetrie field while the surface
churge is adjusting to the new conditions. It is this transient eleetrie field that forms
the basis of the pyroelectrie deteetors to he diseussed,

e —————




P, , MICROCOULOMBS /CM?

40 €60
TEMPERATURE,°C,

Fig. 1-1. Spontaneous polarization of TGS as a function of temperature
(from Refcrence 2).

TABLE 1-1. SELECTED PROPERTIES OF SINGLE CRYSTAL
TRIGLYCINE SULFATE AT 300° K (After Putley, Ref. 1)

Pyroelectric Coefficient, dP/dT 9-3,5 x 10~8 C/cm2 - °K
Relative Dielectric Constant, & 25 - 50

: : - -12 -1
Diclectric Coefficient, ¢ 2,1-4,42x10 Fcm

Specific Heat, Cp 0,97 J/gm-°K

Thermal Conductivity, K 6.8x 10-'3 W/cm-°K

Mass Density, Py 1.69 gm/cm3

Thermal Diffusivity 0.41x 10"2 om>/s

B. PYROELECTRIC DETECTORS FOR THERMAL IMAGING

The pyroelectric effect can be utilized to form a sensitive infrared detector by
eonstructing a parallcl plate capacitor with the pyroelcctric mate.-ial as the diclectric.
The ahsorption of infrared radiation results in a tempcrature-induced change in the




polarization which is accompanied by a transient change in the potential across the
detector electrodes. A pyroelectric detector, with its associated high input resistancc
and low input capacitance FET amplifier, is shown in Fig. 1-2. The resistance, Ry,
which shunts the cupacitance, Cq, of the detector is always present by virtue of the
leakage resistance of the pyroelectric material. The transient electric field that
develops when the detector is subjected to radiation cen be detected by the voltage drop
across Rd.

For application to infrared imaging systems, the detector RC time constant should
be large compared with the frame time to ensure negligible loss ¢f charge during ex-
posure. In this mode of operation, the detector integrates the infrared scene radiation
for the total cxposure, and to a first approximation the change in the detector open-
circuit voltage, AV, is proportional to the change in temperature, AT.

AV = AQ/Cy (1-1)

where AQ is the temperature-induced change in charge on the detector electrodes in
coulombs and Cq is the capacitance of the detector in farads. Cq is given by

eAy

Cd = =1

Here Aq is the area of the capacitor plates in square centimeters, d is the thickness of
the pyroelectric material in centimeters and € is the dielectric coefficient of the pyro-
electric material in farads/centimetcr.

Vdd

FET Vout

Fig. 1-2, Basic arrangement of a pyroclectric thermal dctector.

-

e ————————




SEEEEIN SR .

Since the polarization is equivalent to the charge per unit area

dp .
AQ~Gr AgAT (1-2)
which leads to
dP d a
AV=x Tj—rf‘- T AT (1-0)

The expression for AV shows that for thermal imaging arrays, an applicable figurc of
merit for the pyroelectric material is (dP/dT)% . Triglycinc sulfate was sclected
because it has one of the highest known figures of merit. 1»3

Because the diclectric constant of TGS increases with increasing tempcerature along
with the pyroelectric coefficient, the dependence of this figure of merit on temperature
is less than the dependence of the pyroelectric coefficient, and to a first approximation
is almost independent of temperature from somewhat below room temperature to just
below the Curie temperature. Consequently, the nccessity of accurately controlling the
operating temperature is not as serious as would first be thought from an examination
of Fig. 1-1.

Note that a pyroelectric detector has no response to a steady signal (i.c.,A Q of
Eq. (1-2) leaks away through Ry of Fig. 1-I with a time constant equal to Rq Cq)-
This means that it 1s necessary to view the scene alternately with a rcference (uniform
temperature) scene =o that the detector output will be proportional to the difference
between the scenc and reference temperatures. One inhcrent advantage of this mode
of operation is that the detector is inscnsitive to the background radiation (hercin
defined as that portion of the radiation from the background equivalent to the reference
temperature) because it is, in effect, a steady signal. This relaxes the severc uni-
formity of response requirements that sensitivity to background imposes on quantum
dctectors, and would make pyroelcctric thermal imaging arrays capable of operating
without the necessity of claborate gain control (responsivity equalizing) schemes.

C. POLYCRYSTALLINE APPROACH

In order that the incident scene radiation increase the temperature of the detector
elecments as much as possible, it is necessary that the detector thickness be no greater
than that required to absorb the radiation, and that the detector elements be thermally
isolated from their surroundings. Using appropriate valucs for TGS,l’4 it is found
that a good compromise design occurs when the detector material is about 10-u'm thick.
This thickness is attainable with polycrystalline TGS films but it is smaller than is
permitted by the present state of the art for unsupported single crystal TGS. The
polycrystalline approach also inherently provides a way to obtain thin uniform pyro-
electric layers that can be readily dcposited on large area thin film integrated circuit
substrates.




The technique for providing thermal isolalion of polycrystalline TGS detcetors
from the silicon integrated circuit substrate upon which the deteetors are formed is
illustrated in Fig. 1-3, which shows a delineated polyerystalline TGS detector sup-
ported by a thin thermally grown silicon dioxide membrane that remains afier the
silicon under the detector has been preferentially etched away. In this manner loss
of heat from the detector to the silicon is greatly reduced since the heat must be
conducted sidcways along the thin silicon dioxide membrane.

The polycrystalline approach is not as degrading as might be expccted because
once poled, all the componcnts of spontaneous polarization of the individual grains in
the poling direction add coherently and only their perpendicular componclts arc in-
effective. The resulting degradation in deteetor voltage responsivity is calculated to
be less than a factor of two as compared to single crystal detectors. Somc advantages
of polycrystalline deteetors that tend to compensate for this relatively small loss in
responsivity are:

1) Small inhomogeneities in the parcnt pyroelectric source material are
averaged out in a composite layer, thus providing a technique for pro-
ducing large areas of uniform photoresponse without having to impose
severe restrictions on the pcrmissible inhomogencity of th source
material.

Since the procedures for preparing a single detector are virtually
identical to those for arrays of many deteetors, this approach is
ideally suited for multielement imaging arrays.

Some important film properties (e.g. resistivity) can, in principle, be
independently controlled by judieious choice of fillers and/or "'glue"
used to cement the component pyroclectric particles into a coherent film.

Somc problems associated with polycrystallinc detectors suould be noted. Although
uniform in their electrical properties and capable of being formed on virtually any sub-
strate, pyroelectric films arc difficult to prepare and a ni.mber of timec-consuming
steps are required. Additionally, while single crystal TGS can be permanently poled,
as for example by the addition of 1-alanine, ® no technique is presently known for
permanently poling polycrystallir: 2 pyroeleetric films. However, it has been found
that when polycrystalﬁne TGS films are doped with glycolic aeid broadening of their
hystcresis loops occurs. This might result in an improvement in their electrical
properties such as the loss tangent and possibly the pyroelectric coefficient.

D. SINGLE CR. ITAL APPROACH

The use of single crystal material ina pyroelectric/ integrated circuit array
requires contacting each of the detector clements formed on the thin "frecly-supported"
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Fig. 1-3. Arrangement of a single sensor cell of a polycrystallinc TGS
dectector array illustrating the thermal isolation technique,

section of single crystal material to the silicon integrated circuit substrate. Con-
ceptually, this can be accomplished using thin metallic film microfingers. Since
thermal isolation is provided by the air gap scparating the singlc crystal pyroelectric
slab from the integrated circuit, etching of thec silicon substratc is not required. The
approach is suitable for use in either X~Y addressed or bucket brigade arrays. The
basic arrangement for achieving thermal isolation of the sensor portion of the array
from the integrated circuit is illustrated in Fig. 1-4, which shows a cross-sectional
view of a thin single crystal sheet of TGS contacted by means of microfingers to the
integrated circuit substrate. A high degree of thermal isolaticn is provided by the
air gap with the thin long microfingers contributing little in thc way of hcat sinking.

An advantage of the single crystal approach is that it permits thc use of per-
mancntly poled pyroelectric materials, Problems associated with the singlc crystal
approach include the development of techniques to reproducibly obtain the thin metallic
microfingers, and the dcvelopment of techniques to further reduce the thickness of
single crystal TGS (presently about 25-um thick) in order to improve the voltage
rcsponsivity, Additionally, ways must be found to produce uniform permanently poled
materials. The problem, to date, has been that small regions of opposite polarization
are formed.

E. PYROELECTRIC THERMAL IMAGING SYSTEM
The manner in which a pyroelectric array would be utilized in a thermal imaging

system is illustrated in block diagram form in Fig. 1-5. The infrared scene radiation,
after passing through the aperture of a continuous motion shutter, is focused onto the




UPPER LOWER
ELECTRODE €L ECTRODE

SINGLE
CRYSTAL
TGS

P R R R TR QR R R R S R e Rewne e e |ma e |
! 4 (-

MICRO FINGER AIR GAP

SILICON INTEGRATED
CIRCUIT SUBSTRATE

Fig. 1-4. Thermal isolation technique for the single crystal TGS array.
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Fig. 1-5. Block diagram of a pyroelectric thermal imaging system.
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two-dimensional pyroelectric array. As the opaque portion of the shutter covers the
first exposed column of detectors readout of the array is begun, one column at a timc.
Each column of detectors receives the scenc radiation for the full exposure period.
In an X-Y addressed array, the pyroelectric signals derived from each column of
detectors are simultaneously amplified and then multiplexed to form a cerresponding
line of scene information on the display. The sequence is repeatcd with each column
of detectors being addressed. In a bucket brigade array, each column of detectors
{orms part of a bucket brigade recgister that can e individually rcad out by activating
its clock lines. Calculations indicate that an array of polycrystalline TGS detectors,
each 4 mils on a side and on 8-mil centers should be capable of achieving noise
equivalent tempcrature differences of 0.42°C, 0.48°C, and 0.53°C at frame rates of
10/s, 20/s and 30/s, respectively.

The remaining sections of this report will describe the progress made in devel-
oping the technology required to realize the pyroelectric/ integrated circuit array
approaches mentioned hercin. Section II will discuss the progress made in forming
polycrystalline TGS films, delineating the films into individual detector elecments,
obtaining continuous metallization of the upper electrodcs, and in providing thermal
isolation by preferential etching of the silicon substrate. Section II also summarizes
the properties of polycrystalline TGS films. Section III describes the single crystal
pyroelectric array. Section 1V discusses operation of bucket brigade and X-Y
addressed pyroelectric imaging arrays. In Scction V an analytical assessment is
made of the performance capabilities of arrays containing polycrystalline TGS
detector elements.
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Section ||

POLYCRYSTALLINE TRIGLYCINE
SULFATE DETECTOR ARRAY

FABRIC/A TiON TECHNOLOGY

A large body of new tech clogy had to be developed before one could consider
fabricating the pyroelectric/integrated circuit thermal imaging arrays outlined in
Sa~*ion 1. A basic premise employed in developing these new technologies v.as to
avoid disturbing the well-established PMOS (p-channcl metal-oxide-semiconductor)
processcs by restricting all new procedurcs to before and/or after conventional
processing. Table 2-1 summarizes the main sequence of steps that have evolved for
processing blank silicon wafers into finished and packaged arrays. 'Mie procedures
outlined in step 1 of Table 2-1 are required to facilitate step 3, which follows after
completion of the conventional PMOS processing. These initial procedures do not
interfere with PMOS processing since they are mainly concerned with crystallographic
alignment and the condition of the back (or inactive) side of the silicon wafer. Figure
2-1 is a photograph of a wafer of 16- by 16-element buckct brigade mosaics of the type
discussed in Section 1V as it appears after PMOS processing (i.c. after step 2 in
Table 2-1).

This section of the report is concerned with the problems of hybridizing poly-
crystalline pyroelectrics with integrated circuits and with the specific details of their
solution as represented by steps 3, 4, and 5 of Table 2-1. The ncw technologies
devcloped for fabricating the thermal isolation structurc shown in Fig. 1-8 and for
depositing, delineating, and mctallizing triglycinc sulfate films will be covered in detail
in Sections II. B and II.C. This discussion will include an outline of tahc work remaining
to be done in these two main technological development areas and will cover some
compatibility problems that might arise when delineation is attempted in pyroelectric
layers deposited on top of substrates containing the thermal isolation Gtructure.

A. HYBRIDIZING PYROELECTRIC DETECTORS WITH INTEGRATED CIRCUITS

Polycrystalline Tyroelectrics as Mosaic Metectors

Polycrystalline triglycine sulfate (TGS) films consist of randomly oriented
grains that collectively show little or no preferred orientation. It is therefore
necessary to pole the material to align all of the spontaneous polarization vectors of the




TABLE 2-1. OUTLINE OF ARRAY FABRICATION PROCESSING STEPS

Select silicon wafers with the desired crystallographic orientation,
optically polish and grow a thnermal oxide on the back side, and
provide an alignment slot on the front side.

Construct the desired integrated circuit by conventional PMOS
processing techniques

Provide the necessary structure for thermally isolating the
individua! detectovs from the silicon substrate.

Deposit a uniform pyroelectric layer over the structure and
delineate it into a mosaic of individual detectors.

Eveporate metal contacts over the top of each detector.

Dice the wafer into individual chips of arrays and package them
into suitable holders.

Fig. 2-1. Photograph of a silicon wafer containing a series of bucket brigade
readout circuits for 16- by 16-element pyroelectric imaging rosaics.




individual grains so that their components perpendicular to the parallel plate electrodes
of the detcctor cipacitor are oriented in the same direction. If this is not done, the
polyerystalline films produce no output voltage when heated. Poling is accomplished by
applying a dc voltage to the TGS detector-capacitor, either at room temperaturc or
while cooling it through its Curie temperature (49°C for TGS). 1,6

Figure 2-2 shows how the voltage responsivitiy (2 measure of the degree of
alignment of the spontaneous polarization vectors of the individual grains) of a large
area polycrystalline TSG detector (fabricated by the techniques to be discussed in
Section II. C to follow) was observed to vary with the average dc electric field during
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Fig. 2-2. Voltage responsivity of a large area polycrystalline triglycine sulfate (TGS)
detector on a glass substrate as a function of poling electric field intensity.




room-temperature poling. Electric fields in excess of 30 kV/cm are required for
saturation polarization. Unlike single crystals, polycrystalline films are slow to
respond to the poling field, often requiring up to an hour to reach steady-state
polarization at room temperature. The poling fields of Fig. 2-2 were applied until no
further increases in resporsivity could be detected. After observing the data of Fig.
2-2, the poling field was removed and the sample was placed in a nonhermetic box and set
aside (i.e., in ordinary room air) for a life test. For several months the responsivity
was carefully monitored and found to remain constant. In fact, over a year later, the
responsivity was still about the same, thus clearly illustrating two important properties
of the polycrystalline films:

1. They do not exhibit the tendency for spontaneous depolarization at room

temperature that is often observed in single crystal material.

2. They are stable in air at ordinary room temperature (at normal humidity
levels) for at least one year.

Consequently, it is concluded that pclycrystalline films will present minimal
storage problems and will not require frequant repoling during use. However, the film
will become depoled if heated above its Curie temperature and subsequently cooled to
room temperature without any poling field applied. In that event, the film can be
repcled by simply reapplying the dc poling field.

The effects of polycrystallinity can be estimated by performing 2 spatial
averaging of the pertinent properties over all possible grain orientations. In the case
of the pyroelectrlc coefficient (i.€., dp/dT of Eq. (1-3)), one calculates that its average
component along the poling axis is one-half the single crystal value. Computation of
the effective dielectric constant, €, is more complicated since TGS has uncqual com~-
ponents of its dielectric constant along its three principal axes. 6 pHowever, if the
components are a1l independently averaged and added together, one obtains a value that
is about 0. 67 of the value along the polar axis. Consequently, the figure of merit
(i.e.,1/€ ap/dT) for TGS is reduced by onty a factor of 1.33 (i.e., 0.67/0.50) by the
randomness introduced by polycrystallinity. The present densification technique
produces films with an estimated 80% of bulk density. Since film porosity lowers both
¢ and the polarization proportionally, it has no direct effect on the detectoy responsivity.
Porosity and polycrystallinity, however, do reduce the effective capacitancc of a TGS
detector and the net charge prodnced in response to a given temperature change, thus
tending tc enhance the degrading eftects of any shunting capacitance. The amount of
degradat on is proportional to the ratio of shunt capacitarce to detector capacitance
and therefore is only of prime importance for small detectors (for example thosc in the
arrays of Fig. 2-1, but not in the case of the large area test detectors used to obtain
the data for Fig. 2-2).

Absorption of infrared radiation in the semitransparent top slectrode
(Fig. 1-3) is not degrading if the frame time is sufficiently long to permit the heat to
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be conducted into the TGS dielectric. Since the thermal conductance of the present
porous TGS layers has not been measured, it is not possible to give quantitative estimates
of the time required for this heat flow. However, for films of the anticipated 10 to 20
micrometers thickness, it is estimated that redistribution of heat will be effective

for any ~easonable frame rate of current interest (i.e. for frame rates less than 50 per
second, Reflection from the top electrode does represent a real loss and thus a
degradation in performance. Experimentally, it is found that an aluminum top electrode
with a sheet resistance of about 1 ohm/square degrades the performance of test detectors
by a factor of two (the surface granularity of the polycrystalline films helps to inhibit
reflection). Since the detectors are connected to high-impedance circuits (to provide the
desired open-circuit mode of operation), sheet resistances much larger than

1 obm/square are acceptable and seem to introduce little degradation,

Some measured and/or calculated properties of polycrystalline TGS films
deposited by the techniques to be discussed below are summarized in Table 2-2 and
compared with published values for single crystal material. It can be seen from this
table that the effects of polycrystallinity are not very degrading and, in the case of
thermal conductivity, may actually be helpful in permitting reasonable levels of thermal
isolation without actually delineating the TGS film into individual detectors (i.e., the
mosaic of detectors could be defined by only a pattern of its metallic electrodes). The
undesirable effects of shunting capacitance have been mentioned above and hecause of
the reduced dP/dT, €, and density, are somewhat more degrading in the polycrystalline
case. Notice that without the thermal isolation structure of Fig. 1-3 (uottom), there
would be significant shunt capacitance between the lower electrode and the underlying
silicon substrate. For a 10-um thick TGS detector mounted on a 12,000-A silicon
dioxide film, this would contribute a shunt capacitance that would be about equal to the
actual detector capacitance and would thus reduce its output voltage (and thus its
responsivity) by a factor of about two. Conseqently, when the silicon is removed from
under the detector for thermal isolation, (see Fig. 1-3), it also drastically reduces the
shunting capacitance.

The test detector of Fig. 2-2 was designed to have a large area (0.25- by
0.25-in) and was mounted on an insulating substrate (5-mil thick glass) to minimize
any degrading shunt capacitance effects (including the wiring and input capacitance of
the field-effect transistor preamplifier to which it was connected). In addition, the
TGS dielectric was made comparatively thick (20 pm) and the chopping rate was
relatively fast (120 Hz) to reduce the relative importance of thermal loading of the glass
substrate. Using published values for the thermal constants of single crystal TGS and
glass (actually silicon dioxide7), one estimates that if there were no thermal resistance
at the TGS-substrate interface, heat would penetrate about 28.6 um into the glass sub-
strate during the 1/240 second period that the shutter was either open or closed. Con-
sequently, one estimates that about 2/3 of any heat that is initially absorbed by the TGS
dielectric will be lost by conduction to {he substrate. Using this factor of degradation,
the temperature of the TGS detector will fluctuate by 2.8 x 10~9°C when viewing a 500°K
blackbody (which produces a total flux of 10-4 watts/cm?2 at the detector location) through
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the 120-Hz room-temperature, square-wave chopping wheel. Using Eq. (1-3) with
dP/dT equal o 1.4 x 10-8 coulombs /cm2°K and a relative dielectric constant of 28.17
(values apprcpriate for polycrystalline material-see Table 2-2), one estimates that

this detector will produce a peak-to-peak terminal voltage of 0.314 mV. The expected
voltage responsivity, therefore, is simply this voltage divided by the total power incident
upon the detector (i.e., 0.41 x 10~4 watts) or 7.65 volts /watt. It is interesting to note
that the output voltage from pyroelectric detectors is independent of area (as long as the
effects of shunt ~apacitance can be neglected). If this detector were the same size as the
detectors in the 16- by 16-element bucket brigade array (i.e., 5.5 mils by 3.5 mils),
this same 0.314 mV would correspond to a responsivity of 24,800 volts/watt. However,
because of the degrading effects of shunt capacitance, heat loss out the electrical con-
nections, and the spreading of heat as it enters the substrate, an actual detector of this
size would not be this good. Although over simplified, this exampie does show that
small area pyroelectric detectors can attain quite high responsivities. The actual
system responsivities expected for TGS mosaic detectors of various sizes and degrees
of thermal isolation are discussed in Section V of this report.

At the highest poling field of Fig. 2-2, the measured responsivity of the large
area test detector was 16 volts/watt or about 2.1 times the value computed above. This
increase is attributed to reduced effectiveness of thermal loading of the glass substrate
due to overestimating the thermal conductivity of the porous polycrystalline TGS films,
If the thermal conductivity of polycrystalline TGS is assumed to be only 0.46 of the bulk
value in Table 2-2, then the computed responsivity would agree with the measured value
of 16 volts/watt. Although not intended to be a rigorous analysis, these results clearly
indicate that thc present polycrystalline layers are exhibiting about the responsivity
one would expect based on the above arguments regarding polycrystallinity, thermal
conductivity, and thecrmal isolation.

Consequently, it is concluded that the present technique of depositing poly-
crystalline TGS detectors directly upon an integrated circuit (containing the necessary
addressing and/or readout circuitry) appears to be a viable approach to solid-state
imaging in the infrared. In addition, the polycrystalline approach is inherently less
sensitive to inhomogeneities in the starting material (they are all "averaged-out' in
the final film), has less tendency to spontancously depole, and is more suitable for
large area applications than approaches based on single crystal detectors.

2. Techniques for.Thermally Isolating the Detectors

In common with other types of thermal detcctors, pyroelectric detectors
must be provided with a high degree of thermal isolation from their surroundings.
Without adequate thermal isolation, the detector's voltage responsivity becomes
seriously degraded, resulting in poor sensitivity. Additionally, when arranged in array
form, it becomes necessary to prevent thermal communication betwecn detector
elements in order to reduce thermal crosstalk to a minimum.
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Fig. 2-3. Photograph of one 16- by 16-element bucket-brigade readout array from
the wafer shown in Fig. 2-1.

A number of schemes for accomplishing thermal isolation between the detectors
of the array and their surroundings have been proposed. However, only one has emerged
as reasonable from the viewpoints of attainable performance and complexity of the new
technologies required. This preferred approach is simply to remove the silicon from
under the detectors and leave them supported by the thin silicon dioxide film previously
provided for that purpose (See Fig. 1-3). The dominant heat loss mechanism in this
arrangement is sideways conduction through the thin silicon dioxide film (and the
electrode metallization) to the supporting silicon framework. By making the detectors
smaller, one can increase the distance over which heat must flow and reduce this con-
ductive hicat flow to tolerable levels. These design considerations are presented in
greater quantitative detail in Section V, where the expected performance of such thermally
isolated arrays is assessed.

Figure 2-3 is a photograph of one 16~ by 16-element bucket-brigade array from
the wafer of Fig. 2-1. The locations of the individual detectors that will be subsejuently
deposited are framed-in by the horizontal and vertical clock lines and specifically
marked by the large (5.5-mil by 3.5-mil) lower electrode pads. The associated bucket-
brigade circuitry (i.e., one MOS capacitor and two field effect transistors) is completely
contained in the horizontal space between the rows of detectors (see Section IV).
Realization of the present thermal isolation scheme rejuires removal of the silicon from




under the lower electrode pads and sufficiently more to expose the rcquired peripheral
silicon dioxide supporting film (see Fig. 1-3), but not so much more as to remove por-
tions of the circuitry in ihe remaining supporting silicon structure. It is apparent that
silicon removal must be done with great precision (i.e., to within a tolerance of a
fraction of a mil) and, since the silicon dioxide film covers the front (or activc) side of
the wafer, cne is constrained to remove the silicon from the back (or inactive) side of
the wafer. In addi:on, the delicate nature of the silicon dioxide film precludes mech-
anical removal techniques and leaves chemical etching as the only practical alternative.
One can borrow the techniques of using infrared light to "see through' a silicon wafer,
currently in use in the fabrication of beam leaded integrated circuits, to align a hack-
side mask to the front-side circuitry. However, one musit achieve a high degree of
control over the undercutting of the back-side etch mask in order to achieve the re-
quired fractional-mil dimensional accuracy on the front side after etching completely
through a 5- to 10-mil thick silicon wafer.

Many alkaline etches for silicon attack (111) crystallographic planes very
slowly compared with all other planes. 8 Therefore, the straight-sided surfaces of
the etched silicon as shown in Fig. 1-3 are realizable if the silicon wafer and the
integrated circuit are initially oriented so that these sides will be (111) planes. How-
ever, the silicon crystal has three sets of (111) planes making an angle of 70°32' with
each other; during etching, all three sets might be exposed. If one attempts to etch

individual holes under each cetector as illustrated in Fig. 2-4 (top), one is not only
forced to use paralleogram-shaped holes (to have both pairs of sides (111) planes),
but also is confronted with the third set of (111) planes that are exposed by the etch
as shown in Fig. 2-4 (bottom) that effectively stop the etching before the desired
structure is reached.

However, if one considers slots (i.e., long narrow "holes'' spanning many
detectors as shown in Fig. 2-5), the above problems with extraneous (111) planes
largely vanish. The disturbing (111) planes give rise to sloping ends to the slots (as
shown in Fig. 2-5), which can be arranged to be outside of the mosaic area proper.
The resulting shape of the Si0g film at the front (active) side of the wafer is an
elongated parallelogram as shown in Fig. 2-6. This figure is a top view photograph of
the structure of Fig. 2-5 (but without an integrated circuit or detectors) as viewed in
transmitted light. The silicon is opaque and appears dark, whereas the silicon dioxide
bridging the slots is transparent and appears light in the picture. Although not obvious
in Fig. 2-6, the sides of the silicon bars separating the slots are vertical. However
ju this early attempt, erratic undercutting of the back-side etch mask and nonpianar sides
are evident in the photograph. The following section of this report will discuss the
details of the technology that has been developed for producing the uniform and con-
trolled undercutting necessary to produce planar sides of the dimensional accuracy
required.

The slots in Fig. 2-6 are approximately 10 mils wide and 0.3175 inch long
with 4 mil wide bars of silicon between them. 1t has been observed that silicon bars
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b. Cross-sectional view showing incomplete etch-through in thick silicon substrates.
Fig. 2-4. Etching of small holes in silicon and its associated problems.

as small as one mil wide (and 8-10 mils deep) are remarkably strong and can withstand
unusually rough treatment without breakage. There have been no serious breakage
problems associated with the 2 mil wide bars required for the 16- by 16-elemeut array
of Fig. 2-3. The silicon dioxide supporting film is another matter because good thermal
isolation requires that it be as thin as possible. It has been found that 12,000 A& is about
as thin as one can go and hope to have the films survive subsequent processing. TGS
layers have been deposited on top of 12,000 A thick supporting films and then fully
processed into undelineated detectors as a demonstration of the feasibility of this
approach to the problem of thermal isolation.
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Fig. 2-6. Photograph of silicon dioxide film bridging 10-mil wide slots in an
‘8-mil thick silicon wafer.

The present technique of thermal isolation has one additional feature worth
noting. Nothing must be done before conventional PMOS processing to implement
thermal isolation except 1) selection of wafers with the desired crystallographic
orientation, 2) initial optical polishing of the back side of the wafer, 3) growing a
thermal oxide layer on the back side (to be used later as the etch mask), and 4) pro-
viding for the proper alignment of the front-side integrated circuit along a (111)
direction. Ordinarily, the back side of a silicon wafer is left with a rough ground
finish because it is not critical in any of the fabrication steps. No difficulties arise
from it being optically polished and oxide coated. It is only after all standard
processing steps are completed (but just before the wafer would be subdivided into
individual chips) that etching from the back is initiated. No problems of compatibility
have arisen between the present thermal isolation technology and the conventional
fabrication processes used in the manufacture of irtegrated circuits.

The necessity for thermally isolating the mosaic detectors has been demon-
strated by simulating the situation with the large area test detectors used to obtain the
data of Fig. 2-2. Three separate test detectors were made: one on a 14-mil thick
silicon substrate to simulate no thermal isolation, one on a 5-mil thick glass substrate
to simulate the detector used in Fig. 2-2, and one on a stretched 1/4-mil thick mylar
film to simulate the thermally isolated mosaic detector. The voltage responsivities of
these three detectors were measured at various frequencies ranging from about 10 Hz
(for typical values pertinent to imaging applications) to 120 Hz. The detector with the
silicon substrate exhibited a responsivity at 120 Hz that was about 1/10 of that of either
the glass or mylar supported detectors. This clearly demonstrates the large degrada-
tion in performance caused by the thermal loading of the high thermal conductivity
silicon substrate. The frequency dependence of the measured voltage responsivities of
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. these :hree detectors is shown in Figure 2-7. The data have been normalized to a rela-
i tive responsivity of unity at 120 Hz, for ease of comparison. Notice that the thermally
isolated (mylar supported) detector exhibits the expected 1/f dependence and thus has its
responsivity improved by a factor of 3-5 as the frequency is reduced from 120 Hz to the
10-30 Hz range of interest for imaging. The detectors constructed on glass and silicon
show much less frequency dependence because, as the frequency is lowered, more time
is available for thermal conduction, thus increasing the effectiveness of the thermal
loading of the substrate, By comparing the data for the detectors mownted on silicon
and on mylar, one immediately concludes that failure to provide thermal isolation will
result in a loss of voltage responsivity by a factor of from 20 to 30 (depending on the
frequency of interest), Therefore, it is quite apparent that thermal isolation will be
required in order to achieve the sensitivities one requires for almost any application
presently envisioned for infrared imaging mosaics.

3. Improving the Pyroelectric Properties of Polycrystalline TGS

several techniques for modifying the pyroelectric properties of TGS by altering
l its crystal structure have been reported. These include: )

| 1. Increasing the Curie temperature and pyroeiectric coefficient by deuterating
some (or all) of the hydrogen in the glycine component. 9

9. Lowering the Curie temperature and displacing the hysteresis loop by
irradiation of the TGS with X-rays.

3. Increasing the Curie temperature by preparing "alloy™ crystals of TGS
with the isomorphous compund triglycine fluoroberyllate or lowering the
Curie temperature with the compound triglycine selenate. 6,11

4. Shifting the hysteresis loop completely to one side of the zero electric
field line by use of large molecule additives that substitute for glycine in
the crystal structure (e.g. ,L-alanine or sarcosine).5»12

The first three techniques are completely compatible with the basic concepts
{ of polycrystalline detectors and could be applied to the starting material. The fourth
3 technique, however, results in a permancnt poling of the starting material tnat precludes
the necessary repoling of the randomly oriented grains after deposition of the poly-
crystalline layers. While this may be a useful technique for single crystal detectors,
it is not directly appiicabie to polycrystalline detectors.

Another possible modification of TGS would be the broadening of the hysteresis
loop, i.€e., to make the loop more nearly square. The coercive field (E.) is the field
required to switch the polarization. Ina square loop the value is abrupt and all switching ’
will occur at a single voltage. In a nonsquare loop (see Fig. 2-8(a)) switching will occur
over a range of voltages. The value of coercive field (E¢) is defined as the field present
when the polarization is equal to zero.
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Several advantages can be gained from doping to broaden the loop. First,
the coercive field is increased and thus the crystal is less likely to depole on standing
or under the application of weak fields. Secondly, the material would also be less
likely to depcle at temperatures below the Curie transition. Alsv, the meihod 1s
applicable to polycrystalline materials.

A number of TGS crystals doped with glyzolic acid and propioric acia have
been examined. The crystals doped with propionic acid exhibited electrical properties
identical to those of TGS and so will not be discussed further.

The glycolic acid doped crystals have sliown interesting but conflicting
results. Five samples of glycolic acid doped TGS have been evaluated. Samples 1
through 4 were cut fromtwo crystals grown by evaporation from a saturated solution
of the composition (glyciney g glycolic acidy 1 gHaS0, Sample 5 was cut from a
crys‘al also grovn with 10% glycolic acid but s}owly grown by solution transport. The
values of coercive field (E;) and saturation polarization \Pg) for the six samples are
shown :n Table 2-3. Typical hysteresis loops (polarization vs. applizd field) are
shown in Fig. 2-8. Table 2-¢ gives a comparison between the doped crystals and un-
doped TGS. The coercive fields are taken as average values at the zero polarization
crossings. The saturation polarization values a1é also taken as average values at the
zero electric field croasings.

TABLE 2-3. PROPERTIES OF TRYGLYCINE SULFAT.Z CRYSTALS GROWN FROM
SOLUTION CONTAINING 10% GT,YCOLIC ACID

, . =6 2
Sample | Crystal Ec (volts/cm)* Ps (1 » coul/em”)

224 2.50
720 4,60
240 2.97
640 4.69
81n 3.38
1211 2.€9
155 2.91
Pure TGS 72.2 4 2.04

e L1 Wb LW

*7iterature values of E¢ for pure TGS vary from valuves of
400 V/em at 25°C to 220 V/cm, 13,24

All values were measured at 60 Hz at 25°C.
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Fig. 2-8. Hysteresis loops for doped TGS samples (1 of 2).
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Fig. 2-8. Hysteresis loops for doped TGS samples (2 of 2).

26




TABLE 2-4. CCMPARISON OF PROPERTIES OF GI.YCOLIC ACID DOPED CRYSTALS
TO TYPICAL UNDOPED TGS CRYSTALS

p Pyroelectric
Ec s Dielectric Coefficient
Constant

(volts/cm) (10-6 coul/cmz) (10_8 coul/cm2°C)

Sample 3 810 3.38 30 2.35
Crystal #2

Sample 5
Crystal #3

Typical Data 100 - 400 2-3 30 - 40
for TGS

The data in Table 2-3 show a large variation in the measured values of Ec.
Samples 1 through 4 (grown by evaporation) give values of E¢ which are considerably
higher than accepted values for TGS. It is known that crystal perfection has an
influence on E.. The less perfect the crystal (higher dislocation and point defect content)
the higher the coercive field. Temperature and frequency of measurement will also
affect the values ootained. E is also dependent on the thickness of the crystal.

For the application in question here, it is necessary that the doped crystals
have a true coercive field, i.e., a field E¢ below which the crystal will not switch no
matter how long a field is applied to the crystal. In order to assure that a ferro-
electric has a true coercive field it is necessary that a plot of the natural log of the
switching time versus the reciprocal of the applied field (E) tends to infinity as 1/E
approaches 1/E;. Such measurements have yet to be made.

The results obtained from Samples 1 and 2 indicate that the crystal may have
been a bicrystal containing two regions of different orientation. Unfortunately this
could not be resolved optically due to poor quality of the specimen faces. Samples 3
and 4 showed well-behaved hysteresis loops and indicate a broadening of the loops.
However, Sample 5 (Fig. 2-8) shows no loop broadening.

The crystalline quality of Sample 5 was much superior to the other crystals
since much more care and time was taken with its growth. In all cases the growth habit
of the crystals grown from a solution containing glycolic acid was much different from
undoped TGS. Glycolic acid doped crystals do not cleave as TGS and samples must be
cut with a string saw. It is not known at present how much glycolic acid is incorporated
into the TGS crystal lattice, and an analytical determination of glycolic acid in the
crystals would be desirable.

Although it is not possible to ascertain with certainty the effect of glycolic
acid on TGS, present indications are that there may be some loop broadening.
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B. TECHNIQUES FOR ETCHING THE THERMAL ISOLATION SLOTS

1. Initial Crystallographic Alignment

Since the techniques of etching the thermal isolation slots from the back side
of the wafer require photolithographic definition of an etch mask on the back side, it is
necessary to polish the backside rather than leaving it rough ground as is done con-
ventionally. In addition, the geometrical arrangement of the three sets of (111) planes
illustrated in Fig. 2-5 requires that the wafer surface be a (110) crystallographic plane
instead of the more common (100) or (111) planes. The slots must be aligned with
respect to the (111) planes and the integrated circuit must be aligned with respect to
the slots. Accordingly it is necessary to provide some means of aligning the circuit
with respect to the (111) planes that will ultimately define the vertical slot walls. This
has been done by first lightly etching a small exploratory area near the edge of the
wafer using the (111) plane-revealing etch (to be discussed below). This exploratory
area is defined by a randomly oriented square hole in the 5000 A thick thermally grown
Si0g mask that otherwise covers the entire wafer. Although the three sets of (111)
planes are clearly revealed in the etch pattern, it is not long enough for accurate align-
ment. Therefore, a long rectangular alignment slot is aligned to the exploratory area
as shown in Fig. 2-9 and etched deeply into the silicon wafer. The preferential nature
of the etch "overrules' any slight misalignment and most of the resulting slot length is

etched to a planar (111) surface. The intersection of this vertical (111) wall with the
‘ | wafer surface forms a sharp line that can then be used for the initial alignment of the
E ! integrated circuit on the wafer.

g

EDGE OF THE PHOTORESIST
PATTERN DEFINING THE
DEEP SLOT THAT IS ABOUT
TO BE ETCHED

il

PORTION OF THE LIGHTLY

i St aiito

PHOTORESIST ETCHED EXPLORATORY
COVERED HOLE USED FOR THE
4 AREA ALIGNMENT OF THE
DEEP SLOT

Fig. 2-9. Initial identification of the vertical (111) planes.

e e
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At this point, Step 1 of Table 2-1 has been completed and the wafer is ready
for conventional processing (Step 2 of Table 2-1). TFigures 2-1 and 2-3 are pictures
of the active side of the 16- by 16-element bucket-brigade area arrays as returned from
PMOS processing and ready for etching of the thermal isolation slots. Table 2-5
summarizes in greater detail what has already been done at this point (I) and what
rcmains to be done (II).

Etching the Silicon out from Under the Detectors

The back sides of the wafers of Figs. 2-1and 2-3 are uniformly coated with a
layer of silicon dioxide about 15,000 to 20,000 A thick that was thermally grown during
the various oxidizations of PMOS fabrication and was intentionally left intact. The
oxide must now be defined into a series of slot opcnings to allow the etch to reach
those portions of the silicon substrate to be ctched away. The alignment of the photo-
resist exposure mask is done by using an infrared (light) aligner that perrits one to
gee through' the wafer and directly align the back side slot openings to the existing
front side circuitry. After alignment, the slot openings are etched in the silicon
dioxide mask as outlined in Step II-A of Table 2-5.

preferential etching of the silicon wafer through the openings in the back side
oxide mask is perhaps the most critical step in this process. The hot KOH-water etch
recommended by Stoller® and the alcoholic-KOH recommended by Price and Estricher1®

were both found to slowly attack silicon dioxide (i.e., both the mask material and the
supporting film that bridges the slots once thcy become exposed). They both produced
erratic undercutting of all etch masking matcrials investigated. The hydrazine-water
ctch studied by Leel6 was superior in both of these respects, but tended to leave a
residue in the slots that lead to erratic and incomplete etching. Incorporation of
catechol or isopropyl alcohol into the hydrazine etch to act as a complexing (solubilizing)
agent as recommended by Leel6 rcduces the already low etch raie to practically zero.
The ethylcnediamine-catechol-water etch described by Fine and Kleinl7 is the best

etch found to date and, in fact, leaves little to be desired cxcept speed (its etch rate*

at 90°C is about 1-mil per hour in the (110) direction). Figure 2-10 is a photograph of
the corner of a 16-by-16 bucket-brigade array that has been provided with slots using
this ctch. The photograph was taken in transmitted light to clearly show the slots

(light areas) against the opacque (dark) silicon background. Notice the opaque lower
electrode/pads and the clock lines that are on top of the silicon dioxide film bridging

the slots (compare Fig. 2-10 with Fig. 2-3). Although these slots are nat perfect, they
are much better than those reported earlierl8 and shown in Fig. 2-6 using the alcoholic-
KOH etch of Price and Estricher. 15

All of these basic etches slowly attack the aluminum metallization of the
integrated circuit and, therefore, the active side of the integrated circuit must be
protected. Although a number of materials were evaluated as protective etch masks

*For a mixture of 25 cc ethylenediamine, 4.5 grams of catechol, and 12 cc of water.
This is the composition recommended by Fine and Kleinl7 and used for all the results
with this etch reported herein. .
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TABLE 2-5. SUMMARY OF THE SLOT ETCHING TECHNOLOGY

1. Preparative Procedures

Select (110) wafers that are optically polished on both sides. .
Grow a 5000 A thick thermal oxide on both sides of the wafers.

Using this oxide as a masking material, etch a deep alignment slot on one
side of each wafer to identify the axis of the future slots.

II. Etching the Thermal Isolation Slots in the Completed Integrated Circuit

A. Definition of the back-side oxide mask:

1. Apply photoresist.

Expose photoresist in the infrared aligner.

Develop photoresist.

. Etch the thermal oxide in buffered hydrofluoric acid.
Remove the photoresist.

G o WY

B. Etching of the silicon wafer:

1. Mount the wafer in the etching apparatus of Fig. 2-11.
2. Solvent clean the surface to be etched.
3. Remove any residual oxide on the exposed silicon surfaces
by pre-etching in 1% hydrofluoric acid solution for 5 secornds.
' 4. Etch the silicon with ethylenediamine-catechol-water etch
at a temperature of 90°C for 10 hours.
5. Pour off the spent etch and allow the apparatus to cool.
Rinse-out the interior of the etch apparatus in water.
P ! 7. Dismount the etched wafer from the etching apparatus.

[*2]

C. Final clean-up:

| 1. Remove the Apiezon Black Wax in trichloroethylene.

Remove any residue remaining in warm photoresist stripper. *
Rinse successively in trichloroethylene, acetone, and methanol
(taking care not to break the delicate Si02 films).

4, Allow to dry withou: "spinning-off'' the residual methanol.

wW B

*e.g., Resist Strip J-100 (see Appendix A)
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Fig. 2-10. Photograph of thermal isolation slots etched with ethylenediamine-catechol-
water etch as seen in transmitted light.

(see Table 2-6), no material was found that would withstand the ethylenediamine-
catechol-water etch for the 8-to-10 hours required to etch througha standard 10-mil
thick silicon wafer and/or be chemically removable after completion of etching.
Mechanical etch confinement proved to be the best techniquc and an etching jig

(Fig. 2-11) was constructed that holds the wafer against the bottom of the etch con-
tainer in such a way that the etch is const-ained (by an "O-ring'" seal) from reaching
the aluminum integrated circuit metallization. The slots pictured in Fig. 2-10 were
made this way, and when this array is viewed by reflected light (see Fig. 2-12), it is
seen that the aluminum metallization is still intact. Figure 2-12 also illustrates the
tendency of the bridging Si0g films to bow outwards due to the fact that the film is
initially in compression as a result of differential contraction as the wafer was cooled
(during PMOS processing) from the {emperature of the oxide growth furnace (typically
1100°C) to room temperature. Figure 2-13 is a closer view of one of the detectors
of Fig. 2-12 and shows that despite bowing, everything is imact.

Once exposed, the bridging 5i02 films are very delicate and easily broken.
Therefore, the films are supported during etcning by backing the wafer with a thick
layer of Apiezon Black Wax*. If the wax is preheated to 200°C for onc-half hour it is
rigid enough at the 90°C etch tcmperature to provide the necessary mechanical support
required for the films to withstand the hydrostatic pressure differences and/or forces

*See Appendix A for a list of the sources of the materials used in this project.
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TABLE 2-6. PROPERTIES OF MASKING MATERIALS (TO WITHSTAND
ETHYLENEDIAMINE-CATECHOL-WATER ETCH AT 90°C)

Material*

Maximum Lifetime

Photoresists

Kodak KTFR
RCA Resist

GAF PR-115
Shipley 1350

1 hcar

5 minutes
10 seconds
10 seconds

1I. Waxes and Tars

1. Asphalt# 4
2. Apiezon Black Wax
3. Tar

10-15 hours
2 hours
30 minutes

IM. Miscellaneous Materials

Silicon dioxide

G. E. Silicone Resin SR-319
Epoxy resin?

Gola*

G.E. Glyptal 1201 Red Enamel
Polyvinylpyrollidone plastic
Microstop

Collodion

1.
2.
3.
4,
5.
6.
7.
8.

Greater than 20 hours
1-5 hours
2 hours
Less than 5 hours
30 minutes
30 minutes
15 minutes
5 minutes

IV. Combination Masks

Glass over G.E. SR-319 Silicone Resin®

Asphalt over G.E. SR-319 Silicone Resin?

Glass over Apiexon Black wax?
Evaporated gold over G. E. SR-319 Resin
Deposited Si09 over Aluminum?

Greater than 10 hours

Greater than 10 hours
About 10 hours
About 2 hours
About 2 hours

*See Appendix A for list of manufacturers of tnese materials.

#These materials were difficult to remove and/or clean-up after etching.
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Details of the aluminum etching apparatus (plan view is round).

produced by stirring the etch. The silicone oil surrounding the aluminum etch container

serves two purposes.

It provides for better thermal communication between the etch

container and the intermediate beaker, thus producing the degree of temperature uni-
formity in the etch bath necessary fcr uniform etching, and since the etch is immiscible
with the silicone oil, any leakage of etch simply 1palls-up'' ard falls harmlesal, to the

bottom of the beaker.

After completion of the etching, the etch container is withdrawn from the
silicone oil and the etch poured off while still hot because a residue forms that is

difficult to remove if the etch is allowed to cool while in contact with the wafer.
When cool, the etch jig

empty etch jig is then set aside to cool to room temperature.

The

is rinsed in water and the Apiezon Black Wax ig removed from the wafer by dissolving




i Fig. 2-12. Photograph U’" the section of array shown in Fig. 2-10 but observed in
reflected light to reveal the details of the integrated circuit.

I Fig. 2-13. Close-up view of the details of Fig. 2-12.
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it in trichloroethylene. If any residue remains on the wafer at this point, it can
usually be removed by treatment in warm J-100* followed by successive rinses in
trichloroethylene, acetone, and methanol. In any event, the bridging Si03 films are
very delicate and easily broken and extreme care is required in the post-etch cleaning
operations.

Although this process is capable of producing the good results shown in
Figs. 2-10, 2-12, and 2-13, the yield of good arrays is still comparatively low.
Figure 2-14 is a photograph of another array from the same wafer of Figs. 2-10, 2-12,
and 2-13 that illustrates several of the things that can (and often do) go wrong. One
additional fault (not visible in Fig. 2-14) is the tendency for an unconnected network of
cracks to form in the Si0g films. These cracks are attributed to bowing of the films as
they are "freed' from the silicon substrate during etching and the initial compressive
stress is relieved (see Fig. 2-12). One possible solution to this problem is to use
supporting films of silicon oxy-nitride which can be made to have the same thermal
expansion coefficient as silicon by suitable adjustment of the oxide-nitride ratio, 19
However, since this would have involved modification of the standard PMOS processing
procedures with unknown effects on yield and performance, no attempt was made to
implement this idea. Cracks that interrupt circuitry (e.g., the clock lines crossing
the slots) ruin the whole row of detectors, but isolated cracks are harmful only in

INCOMPLETE REMOVAL OF THE APIEZON BLACK WAX THAT HAS
BEEN ATTACKED BY THE ETCH SOLUTION THAT LEAKED THROUGH
HOLES IN THE SILICON DIOXIDE FILM

INCOMPLETE REMOVAL OF THE SILICON
FROM UNDER THE DETECTOR AREA

HOLES IN THE
SILICON DIOXIDE
FILM

Fig. 2-14. Photograph of an array that illustrates ~ome of the pitfalls in the present
etching process.

*See Appendix A.
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that they weaken the film and make it more susceptible to breakage. There is suffi-
cient strength in the TGS film, however, that once it is applied there is little danger of
breakage unless the wafer is badly mistreated.

3. Additional Technologies Required

Although the present techniques can give good results, the yield is poor.
There are a number of areas in which improvements in the technology could be made
that would increase the overall yield, These include:

1. A material (that does not soften at the 90°C etching temperature) to replace
the Apiezon Black Wax would minimize breakage of the silicon dioxide films
during etching. This new material should be easily and completely
removable by a single solvent treatment (in spite of having been attacned
by the etch leaking through broken or cracked silicon dioxide films). In
addition, the material should have a fair degree of resistance to attack
by the etch to enable it to continue to perform in the event of breakage or
cracking of the silicon dioxide film. If a material satisfying these
criteria could be found, it might then be possible to chemically separate
the individual arrays from the parent wafer during slot etching and depend
on the backing material to hold the individual arrays ia place and provide
for all of the mechanical support.

2. The problem of film cracking requires further study. Thicker silicon
dioxide films (e.g. . 20,000 A) seem to be less prone to cracking, but their
thermal isolation properties are not as good as the thinner films. Fewer
and more efficient post-etching cleaning procedures and/or better backing
material during etching may be helpful in inhibiting cracking due to in-
advertent rough handling in processing. Perhaps the feasibility of using
silicon oxy-nitride supporting films should be investigated as a technique
for inhibiting cracking due to release of compressive stress and bowing.

3. The undercutting of the etch mask during etching has been estimated
{from Fig. 2-19) and found to be 0.9-mil of vndercutting per 10-mils of slot
depth. However, in order to realize this low an undercutting, a very exact
alignment of the back-side etch mask to the previously aligned front-side
circuit is required. The present techniques are not sufficiently accurate.
In some extreme cases, where the misalignment has approached one degree,
the entire silicon bar between the slots of Fig. 2-10 has been undercut and
etched away. In other cases, where the angular alignment has been more
perfect than in Fig. 2-10, the undercutting has been almost negligible
(see Fig. 2-15). Notice that the slots of Fig. 2-10 and Fig. 2-15 are
slightly off-center with respect to the center-line of the lower electrode
pads. This is due to an undetected displacement misalignment in the infra-
red aligner at the time of exposure of the photoresist to define the back-side
silicon dioxide etch mask. This positional misalignment error results from
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the fact that it has not been possible to simultaneously focus on the back-side
exposure mask and on the front-side circuitry at any but the lowest magnifica-
tions of the aligner microscope. This problem arises because the two planes
are separated by at least the silicon wafer thickness (i.e. 10 mils) and the
depth of field of most microscopes is not this large at the highcr magnifications.
In the case of Figs. 2-10 and 2-12, the combination of angular and positional
errors has yielded acceptable slots whereas in the case of Fig. 2-15, more
undercutting and better positional alignment would have been preferred.

Fig. 2-15. Photograph of a section of an array viewed in reflected light, showing the
undesirable effects of positional error of alignment of the slot to the
integrated circuit.

It is thought that the major new technologies required for the etching of the
thermal isolation slots have been developed (but, perhaps, not fully perfected) to the
point where acceptable slots can be produced However, it has been demonstrated
that the present bridging silicon dioxide film technology is, in fact, a viable approach
to the problem of thermal isolation and >nly needs some refinements of existing
technology to increase the yield to reasonable levels.
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c; TECHNIQUES FOR DEPOSITION AND DELINEATION OF POLYCRYSTALLINE
TGS FILMS

Many materials can be prepared in thin film form by vacuum evaporation or
sputtering techniques. However, TGS is a delicate organic compound that quickly
decomposes below its melting point (233°C)20 and/or at temperatures at which it
exhibits an appreciable vapor pressure. In addition, TGS is a molecular compound
composed of glycine and su.furic acid molecules, neither of which can be readily
deposited in situ by chemical reactions. Attempts to prepare TGS films by solvent
(water) evaporation techniques have demons.rated the remarkable ability of TGS to
grow into large single ciystals. The resulting "films" consisted of large (several mm)
needle-like crystals on an otherwise bar~ substrate and were unsuitable for the present
purpose. The most successful technique has been to deposit submicron particles of
TGS into a film and to provide some means of holding them together. BeermanS
and Weiner2 have suggested making films by mixing finely ground TGS with a binder
(plastic) to form a paint which may then be applied to a substrate. The binder, how-
ever, "dilutes" the pyroelectric properties of the film* and its use may preclude any
possibility of delineating the film into small individual detectors by photolithographic
masking and etching techniques. These considerations led to the present development
of suspension spraying and settling techniques. Both of these techniques have been
found to yield good quality films and have been used interchangeably to produce the
films and test detectors reported herein.

1. Preparation of TGS Suspensions

The objective in preparing suspensions of TGS for either spraying or

settling is to attain a stable** suspension of -icron sized particles in some suitc
inert carvier fluid. Isopropyl alcohol has und to be sufficiently volatile for

botli the spraying and settling processes. i- uas sufficient wettability to TGS and the
intended substrate materials to prevent surface tension induced 'balling-up" of the
suspension. However, TGS is slightly soluble in isopropy? i'cohol (to the extent of
about 0.4 grams/liter at room temperature) and, by so dissolving, introduces the
sulfate radical into the suspending medium. The presence of tko sulfate radical

has been shown to increase the tendency of the individual TGS particles to agglomerate
and settle. The most effective way found to inhibit agglomeration is to presaturate the
suspending medium with glycine. This reduces the solubility of TGS to almost zero.
In fact, the use of glycine presaturated isopropyl alcohol as the suspending medium
has been the largest single factor responsible for our success in reproducibly pre-
paring stable** suspensions of TGS.

The most satisfactory method of preparing suspensions of submicron 3ized
particles of TGS has been ball milliag a mixture of the compenent parts for apprix-
imately one week. It is necessary to presaturate the isopropyl alcohol with glycine prior

*Leerman roecommends using from 1% to 259% binder (based on the dry weight of 'TGS).
**Stability is herein defined as no visible settlingfor several hours to, perhaps, one day.
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to the TGS addition and not allow the temperature of the mixture to change (and thus
upset the desired saturation conditions) during ball milling. It has been found that
even a small amount of contamination introduced during milling is remarkably
effective in altering the physical properties of the deposited films. Therefore, a

study was made to optimize the milling operation as judged by the attainment of stable
suspensions with a minimum of milling time and contamination. The best results were
obtained using a ball mill consisting of a 1000-ml polyethylene container partially
filled with 125 glass marbles and 300-ml ot glycine-saturated isopropyl alcohol, to
which 2 grams of TGS are added just prior to milling. After one week of milling, if

a stable suspension is not obtained, it can usually be made stable by treating it ultra-
sonically for a few minutes (but taking care not to heat it in the process). The con-
tamination introduced by this process has been measured to be about 27 glass and 10%
plastic (with respect to the dry weight of TGS) in addition to 3% glycine intentionally
introduced to achieve suspension stability. Since glycine is soluble in virtually all
TGS etches, its presence does not seriously affect the etchability of the resulting films
(an important consiceration during delineatior. of the film into individual detectors).
The glass and plastic contaminants are another matter and will be discussed below,

In addition to the ball milling process described above, a number of other
approaches to obtaining contamination-free TGS of submicron particle size were
examined. Commercial tungsten carbide and an alumina grinding mills were both
found to be far more contaminating than the plastic mill using glass balls.

TGS was also ground in a jet mill which employs two opposing high speed
air jets. The material to be ground is introduced into one of the jets. It then passes
through a centrifugal separator and the larger particles are transferred to the second
air jet. The larger particles then bombard the incoming material in the first jet.
Grinding is thus accomplished by the .mpact of the TGS particles with each other and
should be contamination free. TGS ground by this method has resulted in particle
sizes of 3-um to 5-pum. It should be possible to achieve a smallcr particle size by
optinizing the operating conditions of the mill and/or by making several passes through
the mill.

Precipitation from aqueous solutions was also attempted. A saturated
solution of TGS in water was sprayed into isopropyl alcohol which has violently stirred
in a blender. After spraying the suspension was allowed to dry, thus producing a
fine powder of water-free TGS. The powder was then resuspended in glycine-
saturated isopropyl alcohol. This method produced TGS with a particle size ranging
trom 0.5-pm to 5-um. Further improvements in technique should produce a reduction
in particle size.

The films produced from any of these suspersions are held together partly
by the glycine that precipitates out as the suspending medium evaporates, but to a
greater extent by other contaminants. The plastic contamination in ball-milled sus-
pensions is easily removed by boiling the as-deposited fiims in trichloroethylene; the
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glass and glycine will suffice to hold the film together if the mechanical acticn of the
boiling trichloroethylene is not too violent. In the experiments designed to reduce the
total contamination as much as possible (e.g., with the jet mill mentioned above), the
as-deposited films showed virtually no coherence or adhesion to the substrate (glass
in this case). Inanother experiment with intentionally long ball milling times (and
thus high glass and plastic contamination levels), the deposited filr:s could hardly be
scraped off the glass substrates with a razor blade. For the ball milling schedule
outlined above, the film coherence and adhesion to the substrates of current interest
are just about adequate for the subsequent processing and further purification is
probably not desirable.

2. Suspession Spraying and Settling Techniques

The suspension settling process involves placing the substrate at the bottom
of a dish, flooding it with a known (calculated) amount of suspension and setting it aside
to allow the suspension to slowly settle and the suspending medium to evaporate to dry-
ness. It is very efficient in the use of suspension, but it is time-consuming. It takes
from 12 to 24 hours for complete evaporation of the isopropyl alcohol. The suspension
spraying process involves spraying (from a suitable atomizer) the suspension onto a
heated (to about 100°C) substrate to immediately volatilize the suspending fluid. In the
interests of thickness unformity, it has been found necessary to spray the suspension as
a fine mist over an area much larger than the substrate, thus leading to very inefficient

utilization of the suspension. However, there is no waiting time as in the case for
suspension settling, and the film is immediately ready for further processing once
spraying is completed.

Both processes yield fairly uniform films if the starting suspension is
reasonably stable. The films, however, are loosely packed and have only 0.25 to 0.5
of bulk density and appear opaque and white to the eye (single crystal TGS has the
clear colorless appearance of glass). 7The films provided from ball milled suspensions
are sufficiently well bonded to their subsirates to withstand normal handling, but not so
well bonded to withstand any appreciable mechanical forces (e.g., rubbing with one's
finger). The density and adherence are improved by a densification treatment applied

to the film after deposition and complete evaporaticn of the original susnending medium.

3. TFilm Densification

The most effective method of film densification found consists of a water
vapor (steam) treatment that controllably saturates the film with water and dissolves
the surface layers of the TGS (and glycine) particles, thus allowing the resulting loose
structure of individual grains to collapse*. TGS is very soluble in water (330 grams/
liter at room temperature) and the film can not long be exposed to the steam bath or it
will completely dissolve in the entrained water, After collapse, the water is allowed
to evaporate and the dissolved TGS (and glycine) will precipitate thus recementing the

*A 2% glass contamination level does not seem to interfere with this densification
process, but higher levels have been shown to completely inhibit it.
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particles into a coherent film and providing adhesion to the substrate. Our experience
indicates that films densified in this way have about 80% of bulk density aand are suffi-
ciently coherent and well bonded to the substrate to withstand light rubbing and one's
finger without damage, However, there is still sufficient porosity to impart a white
semiopaque appearance to the densified film,

There is, nonetheless, a tendency for the collapsed water -soaked films to
"ball-up'* on the substrate (particularly if it is hydrophobic). This results in cracks
and/or pin holes in the finished films that are potential short circuits when the upper
electrode is subsequently evaporated on the TGS layer. The tendency to 'ball-up' can
be minimized by carefully cleaning the substrate prior to deposition (to assurc that it
is hydrophilic). In addition, it has been found advisable to preparc films in steps of 2
or 3 separate depositions with plastic removal and densification being done after each
deposition step.

4, Laser Evaporation of TGS Films

A COg9 laser has been used to evaporate good quality films of TGS. These
films have resistivities in the range of 1013 ohm-cm and relative diclectric constants
of about 30. A number of samples of TGS have been evaporated on 0.02-cm thick
glass plates with bottom and top aluminum electrodes. Freshly evaporated samples,
poled at 50 to 168 kV/cm for extended periods of time (ranging up to 16 hr), have
been found to be pyroelectric, with pyroelectric coefficients of about 5 x 10-9 coul/cm?2
°c. However, the samples degrade with time. It appears that there is a reaction
between the laser evaporated TGS and the aluminum clectrode material. Examination
of specimens that have been setting for several weeks show definite degradation of the
films and electrodes. In some cases the pyroelectric coefficient has dropped to almost
zero. A plausible explanation of this phenomena is the presence of free sulfuric acid
which is reacting with the electrode material.

The plot of pyroelectric current vs. temperature for laser evaporated TGS is
quite different from that of either single crystal TGS or also polycrystalline TGS. Laser
cvaporated TGS does not exhibit a definite Curie transition. The pyroelectric coefficient
increases with increasing temperature and then falls to a value of about twice that of the
room temperature coefficient. This value of the pyroelectric cocfficient continues to
remain relatively constant up to the test limit of 100°C. After cooling and reheating,
without polirg, the pyroelectric effect has disappeared, as would be expccted (i.e.,
the material has been dcpoled). When the specimen is repoled again the effect is
repeatable with the exception being that the fall in pyroelectric coefficient is now at
a slightly lower temperature.

Although future work may eventually circumvent these difficulties it is felt at

this time that laser evaporation of TGS is not a practical solution for thin film TGS
layers.
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5. Delineation of TGS Films into Individual Detector Elements

A photolithographic masking and etching technique has been developed for
delineating TGS films into individual detector elements. TGS will neither dissolve
in nor react with the common photoresist formulations (see Appendix B) and is so
soluble in water that water alone should serve as a suitable etchant, Experimentally
it is found that the residual 2% glass contamination from ball milling does not seriously
interfere with the etching of the films but is, in part, left behind as a trace residue in
the etched-out areas. The addition of a few percent hydrofluoric acid to the etch water
helps dissolve this residue, but also introduces the danger of etching the aluminum
bonding pads on the integrated circuit substrate.

The conventional masking technique of covering the surface to be etched with
a thin film of defined photoresist can not be used. Even if the granular surface of the
TGS could be covered with such a photoresist layer, the porosity of the underlying
TGS (due to incomplete densification) would absorb the etch from the exposed areas
of the pattern and thus be etched-out in spite of the protective photoresist mask.
Therefore, it is necessary to first fill the intcrgrain spaces of the TGS film with
photoresist and subsequently to develop it fully out of the areas to be etched away.

The negative acting photoresists* have been found to have two undesirable
features when used this way:

1. Scattering of light within the translucent film partially exposes the photoresist
in those areas intended to be etched away and it becomes almost impossible
to completely develop-out the photoresist from these areas.

2. No way has been found to remove the polymerized photoresist from the
unetched areas after delineation while leaving the TGS detectors intact.

Therefore, most of the experimentation has been done with positive acting photo-
resists** wherein:

1, Scattered light may cause some degree of solubilization of the photoresist
in the detector areas, but experimentally, this is found not to be a serious
problem.

Shipley 1350 and GAF PR-115 photoresists can be easily removed from the
the delineated film by immersion in room-temperature trichloroethylene for
a few minutes. (See Appendix A)

*Phcoresists that are polymerized (i.e., insolubilized) by the exposing ultraviolet
radiation so that the resulting photoresist pattern is the negative of the pattern
on the exposue mask.

s*Photoresists that are chemically changed (i.e, solubilized) by the exposing ultra-
violet radiation so that the resulting photoresist pattern is the same as the opaque
pattern on the exposure mask,
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Shipley 1350 photoresist is a very deep red color and is so opaque that its exposing
radiation will not penetrate 10 #m of permeated TGS film. GAF PR-115 photoresist
is visually mueh less opaque and can be exposed to the full permeated film depth by
simply using long exposure times (e.g., 15 to 30 minutes instead of the more common
15 to 30 seconds).

The best procedure for delineating porous TGS films consists of the foliowing
steps: the TGS film is first flooded with an amount of GAF PR-115 photoresist which
was ealeulated (or experimentally determined) to fill the film porosity plus enough to
leave several micrometers of photoresist on top of the TGS filn1 when dried. The
flooded films are allowed to dry for several hours in air (i.e., without "spinning-off"
the excess photoresist), sto-ed 8 hr in vacuum, and finally prebaked at 80° C for several
hours. The resulting films are completely dry, relatively transparent (due to diminished
light scattering with the intergrain spaces filled with photoresist) and uniform in thiekness
except for a rim of thicker photoresist around the edge. This rim is meechanically
seraped away prior to exposure to allow the mask to make more intimate contact with
the film during photoresist exposure.

After exposure, the photoresist must be developed-out of the areas of the
film that are to be ultimately etched away. Unfortunately, eonventional positive
photoresist developers are all water-based and aceordingly they can etch the TGS
films. Although this is not obviously harmful, it has ieen observed that those faetors
whieh promote effective photoresist removal (long de elopment times, agitation during
development, etc.) also tend to produce excessive widercutting of the areas of the film
one wishes to retain.

A nonaqueous photoresist developer eonsisting of 1 ml 1,1,3,3-tetramethyl-
guanidine per 30 ml ethylene glycol was found to develop GAF PR-115 photoresist if
applied as a spray so as to "wash away'' the relatively insoluble reaetion products.
After about two minutes of spray developing, the photoresist eould be almost ecom-
pletely removed from the areas of the TGS film to be etehed away and not visibly re-
moved from the areas destined to become detectors. Continued spraying, however,
starts to remove the TGS film from the exposed areas. After about 5 minutes of
spraying, the TGS is eompletely removed from the interdetector areas and the detector
areas are untouched except for about 0.5 mils of undercutting around their edges (see
Fig. 2-16). If the defining exposure mask is made appropriately oversized, one will
have delineated detectors of the desired size after spray development and removal
of the unexposed photoresist. One fringe benefit of this technique is the complete
(mechanieal) removal of the glass contaminant by the spraying action of the developer.

6. Evaporation of the Top Layer Metallization

The lower electrode of each array detector element can be laid down on the
substrate prior tc the TGS deposition and thus presents no partieular difficulty. The
top eleetrode is another matter because it must be deposited on the granular top
surface of the delineated TGS detector elements. It must be continuous (i.e., elec-
trically condueting), and at the same time thin enough to be semitransparent (i.e.,
nonreflecting) to the infrared light to be detected.
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Fig. 2-16. Photograph of the defining exposure mask (left) covering
a photograph of the delineated TGS detectors (right).
Several cutouts were made in the mask photograph to
reveal corresponding TGS detectors.

Metallic films evaporated on the granular top surface of the suspension-based
TGS films contain thin spots (e.g., because of shadowing effects of the grains) which
dominate in determining their sheet resistance. These thin spots are very susceptible
to oxidation and/or migration effects that can cause loss of electrical conductivity.
Bismuth metallization has been observed to slowly lose all of its initial conductivity in
a few days of air storage. Chromium has been observed to rapidly increase its sheet
resistance by a factor of three to infinite resistance when first exposed to air, while
aluminum has not exhibited any appreciable ox<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>